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Superconducting magnets have some unigue requirements that call
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uperconducting magnet power
supplies have some unique
demands placed on them. Many
of today’s larger projects require power
systems that can supply many thou-
sands of amperes of current at precision
on the order of 5 ppm or better. While it
is relatively simple to design and pro-
duce such power supplies in the few
kilowatt range, it is quite another mat-
ter when the required powers
approach, and many times exceed,
megawatt levels.

One of the most persistent problems
associated with designing high current
power supplies is determining reason-
able and realistic system specifications.
Occasionally power supplies have
much tighter specifications than are
actually required for the application in
which they will be used. This is often
due to the fact that there are many inter-
pretations of the terms typically used to
specify the design and operational
parameters of magnet power supplies.
Therefore, a brief review of the most
common terms is in order (these defini-
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for novel design configurations.

-

tions are from the Third Edition of the
IEEE Standard Dictionary of Flectrical
and Electronic Terms).

Line Regulation: The maximum
steady-state amount that the output
voltage or current will change as a result
of a specified change in input line volt-
age. Regulation is given either a per-
centage of the output voltage or current,
or as an absolute change AE or AL

Warm-Up: The time (after power turn
on) required for the output voltage or
current to reach an equilibrium value
within the stability specification.

Stability (Driff): The change in output
voltage or current as a function of time,
at constant line voltage, load, and ambi-
ent temperature.

Common Mode Noise: The noise volt-
age which appears equally and in phase
from each signal connected to ground.

Temperature Coefficient: The percent
change in the output voltage or current
as a result of a 1 degree-Celsius change
in the ambient operating temperature
(percent per degree Celsius).

Linearity: The correspondence
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between incremental changes in the
input signal (vesistance, voltage or cur-
rent) and the consequent incremental
changes in power supply output.

Slewing Rate: A measure of the pro-
gramming speed or current-regulator-
response timing. The slewing rate mea-
sures the maximum rate-of-change of
voltage across the output terminals of a
power supply. Slewing rate is normally
expressed in volts per second (AE/AT)
and can be converted to a sinusoidal fre-
quency-amplitude product by the equa-
tion f(Epp): slewing rate/w, where E
is the peak-to-peak sinusoidal volfs.
Slewing rate = nf(F_ ).

Ripple Voltage or Current : The alter-
nating component whose instanta-
neous values are the difference between
the average and instantaneous values
of a pulsating unidirectional voltage or
current.

Regulation: The maximum amount
that the output will change as a result of
the specified change in line voltage, out-
put load, temperature or time.

Dynamic Deviation: The difference
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between the ideal value and the actual

vahlue of a specified variable when the

reference input is changing at a speci-
fied constant rate and all other tran-
sients have expired.

\bsolute Envelope of Lhicertaintiy: The
determination of which parameters are
important for a spectiic application, and
the maximum error associated with
those parameters,

Once these parameters, their aifect on
the output of the porver su Pl and
;

how thev corre ‘\I‘OH(] to the operation of

womavnct are thoro ol
aselof pcuilu tions can be written that
will allow a power supply Lo be
designed and constructed,
tantlv, a good sct o

describes a system that will work in the

More impor-
b specifications

manner desired.

Design Specifications

After the output specifications have
been determined,
mi‘i(m of the power supply can be tinal-

the design contigu-

on the
order of a few kilowatts, are tvpically

ized. Smaller power supplics.

used for beam correction magnets.
Many times these power supplics are
of the transistorized, switch mode
design, being relativelv  small,
lightweight, and casy to construct, But

:

for magnets that require thousands of

amperes of current at tens
of volts, such as dipoles and
focusing quadrapoles, the
switcher design is not usu-
allv orfective due to the
large number of semicon-
Jductor devices required.
and the associated reliabili-
vand cost ramifications.
For larger power require-
ments, phase control thvris-
tor contigurations are the

desten of choice. Thyrisiors

HOW Ianuia

enough,  and  reliable

enough, to be used in mag-
net pm\'m supplics where
precision and stabilityv are of
paramount importance,
Superconducting magnet
power supplies have a num-
ber of special requirements.
Some are common to other

tvpes of power SUpjy '7livs/
and others are umqu“ to the
superconducting applica-
tion. Characteristics coni-
mon to other power supp

i

Hes include
the need for blpmal‘ current operation,
low ou tputripple, and precision current
measurement. Unique requirements
center around the need for full current

output at near zero output voltage lev-

regenerative energy

capabilities, and svstems
protection i the event of
ancontrolled supercon-
ducting magnet quenching.

Power supplies for
superconducting magnets
are generallv low \oltag;.‘;e/
high current svstems. For
example, the power sup-
ordered from
Dynapower for the $5CL s0
far include: 6 volts, 15,000
amps; 240 volts, 8,000
amps (See photo 13 and
=12 volts, ©10,000 amps
(See photo 2). Supercon-
ducting magnet loads
exhibit high inductance
and minimal resistance,
leading to a long time con-
stant (L/R). This long time
constant, on the order of
500 seconds, dictates spe-

]s] es

Photo 1. + 40 volt, 8 000 amp Superconducting Super  cial feedback circuits that

Collider Laboratory p

wer suppi V.

SUPERCONDUCTOR INDUSTRY / SPRING

allow the power su ppiv to

10,000 ump S]//)er( onducting
oratory power supply.

ye

adequatelv control the current to the
magnel. due to this long
time constant, power supplies such as
those for the 55CL are verv susceptible
to line related reference noise. There-
tore, they require highly noise immu ne
input cire d DAy

can be seen, some of the fﬂ,m‘\. o

in addition,

uitry or on-hoar

le
quac rant (D), some are two ql.ladrani“ 1,
111, while others are capable of operat-
1.
rreat importance with super-
conducting magnet power systems as
many times the power supplv must dis-

charge the magnet as well as charge it
(e energy will flow in both directions
beteen the power supply and mag-
net). The power s‘upp]v must be careful-
b designed so that all operational por-
tions of the system can accommosdate
the reverse \oltcmo For ex am} e, in the
output ripple hltmmg/ the capacitors
must be capable of bipolar voltage opol‘~
ation, and in some cases current mea
suring devices must be able to deter-
mine not onlv the magnitude of the
current but also the direction of current
flow.

A verv unique demand placed on
superconducting magnet power sup-
plies is that thev must be capable of pro-

mentioned power supplies are sing

ing in all four quadrants (see Fig,
This is of

™~J
L



viding full rated current at close to zero
output voltage. When a magnet is oper-
ated in the superconducting region, the
resistance of the magnet is virtually
zero, therefore the voltage drop across
the magnet is also close to zero when the
current is not changing. This particular
requirement necessitates extremely
careful magnetics design to ensure that
the currents through the interface trans-
formers, which are used to parallel var-
ious wye groups, are properly balanced,
The fact that superconducting magnets
can operate at full current at many dif-
ferent voltages requires that transform-
ers be matched independently for both
open circuit output voltage and
impedance.

Also, interphase transformers must
be increased in cross sectional area to
insure, for instance, that they force 120°
conduction (in a double wye with inter-
phase connection configuration) at full
current and zero voltage, where the volt
second integral across the interphase is
significantly higher.

Quench Detection

Another aspect of superconducting
magnet power supplies is the require-
ment for low output voltage ripple. Low
ripple is necessary for proper quench
detection to occur. Quenching is when a
portion of the superconducting magnet
malkes the transition from the supercon-
ducting to the normal mode. In the
superconducting mode, a magnet is

capable of passing tremendous
amounts of current with virtually no
losses. The magnet resistance is so low
that there are no heat losses in the coils.
If the magnet quenches, the resistance of
the coils increases dramatically and the
high currents could cause destruction of
the magnets from heat overload.

The quenching circuits for single
magnetis typically monitor the differ-
ence between the rate of change of cur-
rent times the magnet inductance,
which is generated electronically, and
the voltage across the magnet coil. As
long as the magnet remains supercon-
ducting, V_=l.di/dt to a good approx-
imation. However, when a coil quench-
es V_y=Ldi/dt + R(B)i, where R(t) is the
time dependent resistance caused by
the three dimensional spread of the
quench.

For magnets which are not stable (low
copper to superconductor ratio), a
quench can be quite destructive. If left to
develop normally, all of the stored ener-
gy of the magnet is dissipated in the
small volume of the quenched magnet.
Depending on the design of the magnet,
this can be totally acceptable, however,
most designs employ either an external
dump resistor to dissipate the stored
energy or a heater circuit to quench a
large volume of the magnet and thus
reduce the maximum femperature rise
of any piece of conductor. The external
resistor has the virtue of directly remov-
ing energy, thus reducing refrigeration

loads. When the cur-
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rent flows through
the dump resistor,
high voltages are
generated across the
resistance due to the
large currents in the
magnets. The power
supply must be
capable of being

- Eout

v
QUADRANT

subjected to these
common mode volt-
ages without suffer-
ing damage. A well
designed and con-
structed systems
will have hi-pot
specifications of
5,000 volts or better.

The sooner a

+ lout

Fig. 1: The four operating quadrants of a magnet power supply.
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quench is detected
the less likely it is to

damage the magnet. Early quench
detection will allow removal of the
power supply quickly to reduce addi-
tional energy added by the power sup-
ply and quicken firing of the quench
protection devices. The result of all of
this is to reduce the total ampzsec, inte-
gral which is a measure of the maxi-
mum temperature of the initial quench
point.

Superconducting magnet power sup-
plies must incorporate systems for pro-
tecting the power supply from the
stored energy in the magnets in the
event of a power failure. High current
superconducting magnet power sup-
plies are generally designed using
thyristors as the rectification and regu-
lation devices. A thyristor is basically a
diode that has a terminal, called a gate,
where a signal is applied to cause it to
conduct current. Once the gate signal
has been applied, and current is flow-
ing, the only way to stop the current
flow is to remove the current or cause it
to reverse direction. There are a series of
banks of thyristors in a typical power
supply, and the current supplied to the
magnet is cycled between these banks
such that no one bank provides more
than a fraction of the power. There is
always one bank, however, that is
turned on and powering the magnet. A
typical six phase, wye primary star sec-
ondary power supply is shown in Fig. 2.
In this case, each semiconductor bank
carries one sixth the total output cur-
rent.

If the main power is lost, the current
flowing in the magnet will attempt to
continue to flow through the last thyris-
tors that happened to be operating at
the time of power loss. It is easy to imag-
ine what would happen to the semicon-
ductors when three to twelve times their
normal average current was applied.
The minimum would be destruction of
the semiconductors, with a distinct pos-
sibility of damage to the main power
transformer and perhaps the supercon-
ducting magnet itself.

Therefore, a system to safely dissipate
the current must be provided. In single
quadrant power supplies, this is usually
a free wheeling diode, capable of han-
dling the full current, placed across the
output. In normal operation (i.e., the
power supply is powering the magnet),
the diode is reverse biased and no cur-
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rent flows through it. If the power is
lost, the magnet becomes the source,
with polarity reversed and forward
biases the diode, providing a safe path
for the current to flow.

In two or four quadrant power supply
a bank of bypass thyristors, capable of
handling the full current of the power
supply, must be used. This bank mustbe
equipped with its own power source,
typically a capacitive stored energy or
battery backup UPS, that will activate
the bypass in the event of a main power
failure. The bypass system will then
provide a path for the magnet current to
flow that will not cause damage to the
power supply or magnet.

One other aspect of superconducting
magnet power supplies is that they
require a soft start capability. In other
words, when the main power is applied
to the power supply, the output must
ramp up gradually to the desired level.
An instantaneous increase from zero to
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Fig. 2: A six phase, wye primary, star secondary power supply main power and

rectification section.

full output could cause false triggering
of the quench protection systern.
Power supplies for superconducting
magnets require sophisticated inter-
locking schemes in order to protect the

cryopumping and gas liquefaction.
Capacities at various temperatures
(termperature and capacity measured

sirmuftaneousiy}

Temperature Lapacity

{°K} {watis)
1st stage 77 115
2nd stage 20 15
1st stage 45 50
2nd stage 10 5
1st stage 35 20
2nd stage 3 2.5
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magnets, the power supplies, and per-
sonnel. Interlocks consist of detection
systems for magnet cryogenics, extreme
voltage and current excursions, and
major faults in control systems. Inter-
locks and controls are so sophisticated
that a discussion of them would require
a separate article.

10,000 Power Supplies

In addition to all of the above special
requirements, a superconducting mag-
net power supply must also have supe-
vior reliability. An application such as
the 85CL requires a large number, on the
order of 10,000, of both normal and
superconducting magnet power sup-
plies for the LEB, MEB, HEB, and collid-
er rings. It is imperative that these pow-
er supplies operate efficiently and
reliably, as a failure can cause the parti-
cle beam to become unusable or be lost
altogether. If that happens, experiments
may be damaged.

The capability to accurately measure
the current provided by the power sup-
ply is extremely important. Inmany cas-
es, a simple resistive shunt is satisfacto-
ry. These devices are situated in one of
the output legs, and are typically accu-
rate to within £0.25%. Shunts are rela-
tively inexpensive, but have a number
of disadvantages. One is that they offer
no isolation from the output to the con-
trol circuitry. Another is that they gener-
ate heat losses due to their resistive
nature. This is especially important at
higher current levels.

Fortunately, there are a number of
alternatives to resistive shunts. These
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include Hall effect devices and zero flux
current transductors. These types of
devices provide isolation in that they are
not placed directly in line with the out-
put. Rather, they are situated around the
output bus, and are magnetically cou-
pled. This configuration provides very
good isolation and does not generate any
losses. Additionally, devices such as the
Dynapower Zero Flux Current Trans-
ductor are capable of meeting extremely
stringent current measurement require-
ments, such as the 2 ppm of the ssCL
power supply shown in Fig. 2.

The topic of current measurement is
highly complex, exceeding the scope of
this article. For a paper that discusses
different current measurement tech-
niques, contact Dynapower and request
Publication 110, “Survey of DC Current
Measurement Techniques for High Cur-
rent Precision Power Supplies.”

As can be seen from this discussion,
power supplies for superconducting

magnets demand precision, careful
design, ruggedness, and high levels of
safety. While these things are impor-
tant in any power supply, they are of
critical importance for power supplies
used to energize normal and superc
ducting magnets.

John D. McCarthy, technical director at
Dynapower, graduated from the University
of lllinois in 1969 with a B.S.E.E., at which
time he joined Fermi National Accelerator
Laboratory. He received his M.S.E.E. from
Midwest College of Engineering in 1975.
From 1976 to 1980 he served as deputy
group leader at Fermilab, From 1980 to
1985, McCarthy was group leader of Power
Supplies and Instrumentation for their
Antiproton Source Department. In 1986 he
became group leader for the Instrumenta-
tion Accelerator Division, and in 1988,
department head, injector. During his
twenty years at Fermilab, he was involved
in all aspects of accelerator design, theory

and commissioning. His accelerator experi-
ence has provided him with direct working
knowledge of all types of power supplies.
Since joining Dynapower in 1989, Mr.
McCarthy has been involved in upgrading
the circuitry for high precision and specialty
power supplies. He was instrumental in the
creation of the Dynapower dual phase
locked loop firing circuit which is now a
standard for high precision power supplies.
He is currently spearheading the new
advances in the line of switching power sup-
plies under development at Dynapower.

Christopher C. Smith, marketing manag-
er for Dynapower, holds a B.S.E.E. from
Florida Technological University (now the
University of Central Florida). Prior to
joining Dynapower, Smith was product
manager for an international manufacturer
of semiconductor photolithography equip-
ment. His duties at Dynapower include
investigation of new markets, advertising
and public relations, and international sales
and marketing.
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